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Tuning of the dielectric permittivity spectra of strontium titanate (SrTiO3) single crystals in an external electric
field is investigated between 90 and 300 K by means of terahertz time-domain spectroscopy. Application of
the electric bias leads to an appreciable tuning of the permittivity observed up to room temperature both in
the parallel and perpendicular directions to the bias field. The observed behavior is interpreted in terms of
soft-mode hardening due to the anharmonic character of its potential. No additional low-frequency relaxation
mode was observed. A weak temperature dependence of the anharmonic coefficients was found in agreement
with previously published low-temperature data.
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I. INTRODUCTION
The terahertz (THz) frequency region has become ex-
tensively exploited during the past two decades. Nowadays
THz technology finds applications in medical, space, and
defense industries, to cite only the most prominent ones.
The investigation of tunable properties of various materials
and structures plays an important role in the development of
components enabling active control of the propagation of THz
radiation.
From the point of view of fundamental research the THz
and sub-THz regions—covering ∼0.2–3 THz—are crucial for
the investigation of structural phase transitions of solids; in
particular, deep insight can be acquired into the mechanisms
of ferroelectric phase transitions.1 Two limiting cases of
structural phase transitions are often distinguished: displacive
and order-disorder types. These are often associated with
characteristic excitations, a soft phonon mode (displacive
case) and a relaxation-type central mode (order-disorder
case), respectively. In real materials these two excitations
often coexist, in some cases they are even mutually coupled,
and they occur frequently in the THz spectral range. Their
polar character allows a straightforward detection in THz
transmission measurements.
In the vicinity of a phase transition, ferroelectric mate-
rials are characterized by a fine compensation of various
microscopic forces.2 Then, anharmonic properties of the
crystalline lattice potential often play a crucial role and can
be easily experimentally accessed.3 Under suitable conditions
a high and tunable permittivity accompanied by reasonably
low dielectric losses can be achieved in the THz spectral
range.4 This opens a large potential for a number of tunable
applications of such materials, e.g., by means of an external
low-frequency electric field.
Strontium titanate (STO) is an incipient ferroelectric ma-
terial. The low-frequency dielectric behavior of STO single
crystals is fully controlled by soft-mode dynamics; at the same
time the compound remains paraelectric down to the lowest
temperatures due to quantum fluctuations. The frequency of
the soft mode in STO decreases upon cooling. According to the
Lyddane-Sachs-Teller relation,5 this leads to an increase of the
permittivity in the THz and sub-THz ranges and, consequently,
to an increase of its electric-field tunability.
The electric-field tuning of the dielectric properties of STO
single crystals and unstrained films was previously extensively
studied in view of its applications in microwave tunable
devices. However, these studies have been mostly limited
to low temperatures (20–90 K) and to low frequencies (at
GHz range and below).6–8 It was commonly accepted that the
dielectric properties of STO single crystals are not tunable
above ∼100 K.
An increased room-temperature tunability of STO-based
structures in the microwave and THz ranges was achieved by
chemical substitution of strontium by barium (BaxSr1−xTiO3
solid solutions),4 or by tensile strain introduced during the epi-
taxial growth of STO thin films on appropriate substrates.9 This
last possibility has been intensely studied during the past years
in a series of STO/DyScO3 thin films and heterostructures.10–14
A general model of the soft-mode behavior in strained epitaxial
STO films has been proposed.13 It describes dielectric spectra
of the films in a very broad range of temperatures (20–
300 K) and applied fields: The tunable effective permittivity
of the heterostructures and films is given by a strongly
anharmonic THz soft phonon mode which couples to a
low-frequency overdamped excitation (at ∼200 GHz).
Only preliminary results obtained by THz spectroscopy
were previously reported about the soft-mode behavior under
the electric field in a bulk STO.15 From the study of
Raman spectra below 80 K under an applied bias, Fleury
and Worlock16 estimated the anharmonic parameters of the
soft-mode potential. Our own unpublished Brillouin scattering
measurements show that the acoustic modes are insensitive
to an applied electric field above 90 K. To the best of our
knowledge, no observation of the tunability of STO single
crystals at room temperature has been reported up to now. In
174121-11098-0121/2011/84(17)/174121(10) ©2011 American Physical Society
V. SKOROMETS et al. PHYSICAL REVIEW B 84, 174121 (2011)
this paper we use time-domain THz spectroscopy to demon-
strate and characterize the electric-field-tuning capabilities
of STO single crystals in the THz spectral range within a
broad interval of temperatures (90–300 K). The electric-field-
induced soft-mode hardening is quantified both for the parallel
and perpendicular directions with respect to the electric bias.
II. THEORETICAL DESCRIPTION
We base our description on the Landau-Devonshire theory,
which provides a direct evaluation of the dielectric response
of ferroelectrics. As expected for a displacive incipient
ferroelectric, STO is characterized by a strong transverse soft
phonon mode which accounts for more than 95% of its dc
permittivity value. The Helmholtz free-energy density F is here
expanded in a power series with respect to the components
Pi of the macroscopic polarization vector. This polarization
is associated with the soft-mode eigenvector characterized
by a relative displacement of the oxygen octahedron with
respect to the central Ti ion. In the paraelectric state of
STO the spontaneous part of the polarization vanishes. We
are then left with a bias-field-induced dc or low-frequency
term Pi and with a small dynamic term Pi,dyn driven by a
weak probing field: Pi = Pi + Pi,dyn. The weakness of the
probing field ensures that nonlinear effects arise only from
Pi (Pi  Pi,dyn). The allowed terms in the Helmholtz
free-energy density up to the fourth order of the power series
in the cubic paraelectric phase of STO read4,16
F (T ) = 12α
(
P 2x + P 2y + P 2z
)+ 14β‖(P 4x + P 4y + P 4z )
+ 12β⊥
(
P 2x P
2
y + P 2y P 2z + P 2z P 2x
)
, (1)
where β‖ and β⊥ characterize the anharmonicity of the soft
mode. This describes the tetragonal symmetry of the structure
induced by the applied bias. The coefficient describing the
harmonic part of the potential can be written as12
α = ω
2
0
f εvac
, (2)
where ω0 is the soft-mode bare frequency, f is its oscillator
strength, and εvac is the vacuum permittivity. The relation
between an external electric field with components Ei and
the induced polarization is given by a dielectric equation of
state
Ei = ∂F
∂Pi
, (3)
e.g., for the z component
Ez = αPz + β‖P 3z + β⊥Pz
(
P 2x + P 2y
)
. (4)
For the other two components of the field analogous equations
are found.
Within the linear approximation, the polarization related
to the soft mode is equal to Pi = εvacδεEi , where δε is the
harmonic contribution of the soft mode to the permittivity:
δε = 1
αεvac
= f
ω20
. (5)
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FIG. 1. (Color online) Schematic illustration of the two experi-
mental geometries used: (a) Perpendicular geometry; nanocrystalline
tin oxide electrodes; and (b) parallel geometry; the bias is applied by
using interdigitated metallic electrodes. A = 40 μm: period of the
electrode structure; l = 15 μm: distance between electrode fingers.
The oscillator strength f is, as a rule, temperature independent;
the permittivity value in the sub-THz range then crucially
depends on the soft-mode frequency.
The electric-field tunability is related to the anharmonicity
of the Helmholtz potential, as we show below. In the coordinate
system we use (shown in Fig. 1), the probing THz electric field
is parallel to the z direction, therefore, we wish to evaluate the
component εzz of the dielectric permittivity as a function of a
parallel [Ez, Fig. 1(b)] and of a perpendicular [Ex , Fig. 1(a)]
bias electric field. In these configurations Py vanishes and one
finds
εzz = 1
εvac
∂Pz
∂Ez
+ ε∞
≈
[
1
δε
+ 3β‖εvac(Pz)2 + β⊥εvac(Px)2
]−1
+ ε∞;
(6)
here ε∞ is a cumulative contribution to the permittivity caused
by higher-frequency excitations such as hard phonons and
electrons.
In the absence of bias field the polarization Pi vanishes
and εzz(T ) = δε(T ) + ε∞≡ε0(T ); here the temperature
dependence of the permittivity is essentially given by the
temperature dependence of the soft-mode frequency. If an
external bias is applied, we need to evaluate the induced
polarizations Px and Pz; to this aim, we use the lowest-
order terms of the power expansion of Eq. (4):
Pz ≈ 1
α
Ez − β‖
α4
E3z −
β⊥
α4
EzE
2
x, (7a)
Px ≈ 1
α
Ex − β‖
α4
E3x −
β⊥
α4
ExE
2
z . (7b)
We now discuss the two geometries depicted in Fig. 1. (i)
In the perpendicular geometry [Fig. 1(a)] Ex = Ebias and Ez
= ETHz. The linear response to the THz field then reads
Pz,dyn ≈
(
1
α
− β⊥
α4
E2bias
)
ETHz (8)
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and
εzz (Ebias ‖ x) =
[
1
δε
+ β⊥f
2ε3vacE
2
bias
ω40
+ · · ·
]−1
+ ε∞. (9)
In other words, application of an external bias Ebias ‖ x
leads to a change of the soft-mode potential due to its
anharmonic character and we observe a field-induced soft-
mode hardening, which can be deduced by using Eqs. (5) and
(6) or (9):
ω20(Ebias ‖ x) = ω20
[
1 + β⊥εvacf
ω20
(Px)2
]
≈ ω20
[
1 + β⊥
(
εvacf
ω20
)3
E2bias
]
. (10)
(ii) In the parallel geometry, as a first approximation [shown
in Fig. 1(b)], we assume that Ex = 0 and Ez = Ebias + ETHz
and
Pz,dyn ≈
(
1
α
− 3β‖
α4
E2bias
)
ETHz. (11)
The expression for the permittivity then reads
εzz (Ebias ‖ z) =
[
1
δε
+ 3β‖f
2ε3vacE
2
bias
ω40
+ · · ·
]−1
+ ε∞
(12)
and
ω20(Ebias ‖ z) = ω20
[
1 + 3β‖εvacf
ω20
(Pz)2
]
≈ ω20
[
1 + 3β‖
(
εvacf
ω20
)3
E2bias
]
. (13)
In reality, the bias field in the parallel geometry is highly
inhomogeneous and it rapidly decays along x inside STO.
In this sense only a thin STO layer is influenced by the
applied field and, for the purpose of evaluating the THz
transmission data, we wish to determine the effective thickness
dE of this layer and an effective value of the applied field
Ebias which would then be assumed homogeneous within
dE . We performed electrostatic simulations17 to determine
the distribution of the bias field close to the interdigitated
electrode structure for this geometry [Fig. 2(a)]. Both the
z and x components of the field are nonzero and highly
inhomogeneous along x and z [Ez(x,z) and Ex(x,z)]. The
variation along x of their averaged squared values (Ez,avg)2 and
(Ex,avg)2 is shown in Fig. 2(b): Each plotted value is averaged
over a 1-μm-thick layer parallel to the interface, e.g., the first
plotted values of (Ez,avg)2 and (Ex,avg)2 are each obtained as an
average value of the appropriate component over one period of
the electrode structure along z and between 0 and 1 μm depth
along x.
A natural choice for the z component of the effective field
would be Ez,bias = Ubias/l, where Ubias is the applied bias
voltage and l = 15 μm is the distance between the electrode
fingers. For this component we found∫ ∞
0
(Ez,avg)2dx = (Ez,bias)2dE ≈ (Ez,max)2dE, (14)
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FIG. 2. (Color online) Electrostatic simulation of the electric-
field distribution near the air-STO interface (x = 0). (a) Arrows:
electric-field distribution; colors: electrostatic potential distribution.
(b) Squared value of the bias field components Ez,avg and Ex,avg
averaged over 1-μm-thick slices in the x direction parallel to the
surface. The simulation is done for an electrostatic potential of ±1 V
on the electrodes.
and similarly for the x component we obtain∫ ∞
0
(Ex,avg)2dx ≈ (Ex,max)2dE, (15)
where (Ei,max)2 (i = x,z) is the maximum averaged squared-
field value (see Fig. 2) and the penetration depth dE ≈
3.5 μm is the same for both components. It is then natural
to define Ex,bias = Ex,max for the purposes of evaluation of our
experimental data.
The soft-mode frequency in the parallel geometry then
depends on both the x and z components of the bias field
and, combining (10) and (13) we obtain
ω20(Ex,bias,Ez,bias)
≈ω20
[
1+3β‖
(
εvacf
ω20
)3
E2z,bias+β⊥
(
εvacf
ω20
)3
E2x,bias
]
.
(16)
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Finally, we come to the conclusion that in the parallel ge-
ometry both the z and x components of the bias field influence
the soft-mode potential. Nevertheless, the z component of the
field is dominant and the x component induces only a small
correction of the soft-mode frequency. Indeed, a multiplication
factor of 3 is lacking in the β⊥ term in Eq. (16), and moreover,
as can be seen in Fig. 2(b), the x component of the bias field
is smaller than the z component one.
Note that measurements performed in the two experimental
geometries allow us to evaluate the two different anharmonic
coefficients of the soft-mode potential β‖ and β⊥. These
coefficients were previously found to have similar values of
the order of 1010 JC−4m5 at low temperatures.16
For both geometries, the dynamical response in the THz
range then can be simply described by a harmonic oscillator
formula, where the soft-mode frequency is tunable by the
external bias:
εzz(ω; T ,Ebias) = f
ω20(T ,Ebias) − ω2 − iω	(T )
+ ε∞.
(17)
The soft-mode damping 	 is slightly temperature
dependent18 and, in principle, it can be also weakly electric-
field dependent, although field dependence of the damping
coefficient has not been found in the strained STO thin
films.10–13
A ferroelastic cubic-to-tetragonal phase transition (PT)
is known to occur at 105 K in STO crystals. In the low-
temperature ferroelastic phase the (cubic T1u) ferroelectric
soft mode splits into a doubly degenerated Eu mode and
a higher-frequency A2u mode, as reported, e.g., in a hyper-
Raman study by Yamanaka et al.18 This means that the linear
dielectric properties of STO become anisotropic; however, as
the soft-mode splitting is continuous, this anisotropy is quite
small at temperatures close to the PT. For instance, at 90 K the
frequency splitting is of ∼0.9 cm−1, i.e., of ∼2% of the mean
frequency value. In this case the anisotropy of the permittivity
is only ∼4%.19
In the THz transmission spectra the soft-mode splitting
cannot be directly observed, since even the thinnest samples
used are completely opaque above ∼1 THz. In principle,
the studied samples consist of a distribution of optically
anisotropic parts forming a polydomain composite. However,
down to ∼90 K this local optical anisotropy remains weak and
the experimental data represent an average dielectric response
of such a composite. The measured field-induced soft-mode
hardening can then be understood as an average hardening of
the two split soft-mode components.
III. EXPERIMENTAL DETAILS
Several series of experiments were done and numerous
spectra were acquired and analyzed in the frame of this
work. All the experimental spectra were measured using a
custom-made time-domain terahertz spectrometer (described
in detail in Ref. 20) fitted with a helium flow cryostat
(Optistat, Oxford instruments). The investigated STO crystals
were purchased from Crystal GmbH and thinned down by
mechanical polishing to the thickness of 50 or 100 μm.
The dimensions of the studied samples were 10 × 10 × 0.1
and 10 × 10 × 0.05 mm3. Chemical etching, which, unlike
mechanical polishing, is known to produce no residual stress,7
could not be used because it leads to a corrugated surface,21
unsuitable for subsequent electrode deposition.
In order to realize experimentally both parallel and per-
pendicular geometries (Fig. 1), we deposited two different
electrode structures on the samples. In the first series of
samples an interdigitated electrode structure was deposited
on a single side [Fig. 1(b)]. This structure was prepared
by magnetron sputtering deposition of an intermediate
20-nm Nb adhesion layer and of a 300-nm-thick Au layer;
subsequently, the electrodes were formed using a standard
lift-off photolithography. The resulting electrodes consisted of
5-μm-wide metal stripes separated by 15-μm-wide gaps. The
total area covered by the electrode structure was ∼6 × 6 mm2.
These electrodes allow application of an in-plane bias field,
i.e., enable experiments in the parallel geometry; they are
transparent for the THz radiation when the electric-field vector
is perpendicular to the metallic stripes.
Measurement in the perpendicular geometry requires depo-
sition of electrodes on both sides of the platelets [Fig. 1(a)].
We used nanocrystalline antimony-doped tin oxide films which
combine a sufficient electric conductivity and transparency in
the THz range. The synthesis of Sb-doped tin oxide nanoparti-
cles was published elsewhere.22 For electrode fabrication, the
dried nanoparticles (0.2 g) were dispersed in tetrahydrofuran
(4 mL) containing one drop of concentrated HCl. The obtained
transparent colloidal solutions were deposited on the substrates
by spin coating and calcined afterward at 500◦C. The area
covered with the electrodes was ∼8 × 8 mm2 in this case. Fi-
nally, an additional sample was prepared with an interdigitated
electrode structure on one side and a nanocrystalline tin oxide
thin film deposited on the other side. This served to check
the consistency of the experimental results obtained in both
geometries using the same STO crystal.
The experiments were performed in the transmission
geometry using an optical cryostat equipped with electrical
connections for applying the bias; the area on the sample
probed by the THz beam was defined by a metallic aperture
with a diameter of 5–8 mm. This makes the experiments in the
perpendicular geometry more complicated. In order to achieve
good electrical insulation of the sample from the cryostat, an
additional dielectric spacer had to be inserted between the
metallic aperture and the sample. Extreme experimental care
was taken to avoid artifacts in the measured signal: These are
caused by a partial reflection of the THz pulse on the front
sample surface which is subsequently diffracted on the edges
of the aperture. This parasitic signal was tunable by the applied
electric bias and it came to the detector as a slightly delayed
weak signal pulse echo stretched in time.
We used a high-voltage source to apply the bias fields with
the possibility of monitoring the current in order to keep the
samples far from dielectric breakdown. For each sample a
series of wave forms, i.e., transmitted time-domain THz field
E(t) [Fig. 3(a)], was measured in a repeated sequence. Each
sequence was started by a reference measurement (zero-bias
field) and continued by increasing stepwise the bias voltage
during the returns of the optical delay line. After a scan with
the maximum bias voltage the sequence was restarted and
the whole procedure was repeated many times in order to
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FIG. 3. (Color online) Experimental wave forms and spectra
obtained with a 100-μm-thick STO crystal in the perpendicular geom-
etry: (a) Time-domain wave forms, 120 K; (b) Fourier transformations
of the wave forms, 120 K; (c) time-domain wave form measured at
250 K with the first echo; here the field-induced tuning is visible for
the echo (its displacement to shorter time delays with applied voltage
corresponds to a field-induced reduction of the permittivity).
improve the signal-to-noise ratio. This procedure minimized
the influence of possible long-term drifts of the laser beam. The
data acquisition at each temperature and for approximately six
to eight values of the bias field lasted ∼3–4 h.
The THz dielectric spectra of unbiased STO (we denote the
permittivity ε0 and the refractive index N0) were determined
and published previously.15 The spectra of the biased samples
NE were determined numerically as a root of a complex
equation for each spectral component:
T (ω; NE)
T (ω; N0)
= TE(ω)
T0(ω)
. (18)
The spectra TE and T0 on the right-hand side are the measured
complex transmission functions with and without bias, respec-
tively. The left-hand side of Eq. (18) contains the theoretical
expressions for the transmittance; these expressions stem from
the Fresnel formulas and depend on the experimental geometry
used.
For experiments in the perpendicular geometry the
field distribution inside the sample is homogeneous, and,
consequently, the complex refractive index under bias NE is
also homogeneous. The samples are optically thick in the THz
frequency range, which means that we may take advantage of
the time-domain windowing procedure.23 Due to Fabry-Pe´rot
reflections inside the sample, the signal wave form consists of a
series of echoes well separated in time. The experimental wave
form is truncated in such a way that the studied part of the sig-
nal corresponds to the mth echo which leaves the sample after
2m internal reflections. This partial wave form is then trans-
formed to the frequency space by Fourier transformation. For
the mth echo we obtain the complex transmission function as
follows:
T mth(ω; N ) = 4N(N + 1)2 exp(iωNd
/
c)
[ (N − 1)
(N + 1)
]2m
× exp(2imωNd/c), (19)
where the complex refractive index N (≡N0 or NE) is a
function of frequency N (ω) = n(ω) + iκ(ω), d is the thickness
of the sample, and c is the light velocity in vacuum.
At low temperature the dielectric spectra were obtained
from a direct pass (m = 0). When the temperature is increased,
the sample becomes more transparent and is less tunable at
the same time. In this case it is advantageous to perform the
calculation for a higher-order echo (m = 1 or 2) for which
the corresponding transmitted signal is still sufficiently high
but more influenced by the change of the refractive index.
For example, the first echo undergoes three passes through the
sample while the directly passing beam undergoes a single one.
This procedure increases the sensitivity of the measurement
[see Fig. 3(c)].
For experiments in the parallel geometry, Fig. 2(b) il-
lustrates the approximation we use in the data evaluation
procedure. We consider a fraction of the sample under bias
as a thin film with a homogeneous refractive index NE and
thickness dE while the remaining bulk part was treated as
a substrate with the refractive index N0. The ratio of the
transmission functions for the whole sample with and without
bias then reads
T (ω; NE)
T (ω; N0)
= 2NE(N0 + 1) exp(iω(NE − N0)dE/c)(1 + NE)(NE + N0) + (1 − NE)(NE − N0) exp(2iωNEdE/c) . (20)
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FIG. 4. (Color online) Dielectric permittivity of a 100-μm-
thick STO crystal at 120 K. Unbiased permittivity (solid line) is
approximated using an underdamped harmonic oscillator model
(Ref. 15). The electric-field-induced permittivity was calculated from
the experimental wave forms. Full symbols represent results of the
tuning using the parallel geometry; crosses and empty symbols
represent results obtained in the perpendicular geometry.
Finally, we compared the sensitivity of the measurements in
the parallel and perpendicular geometries. Assuming identical
values for the parallel and perpendicular anharmonic terms,
a comparison of Eqs. (10) and (16) shows that the soft-mode
frequency (and the permittivity) should depend more steeply
on the bias field in the parallel geometry. Also, for applied
identical voltages, the bias electric field close to the electrodes
is substantially higher in the parallel geometry, leading to
much higher field-induced effects in this part of the sample.
However, the perpendicular geometry allows one to induce
a homogeneous change of the permittivity in the whole
volume of the sample while in the parallel geometry only
a 3.5-μm-thick layer is affected by the bias field. The THz
pulse then acquires useful information only when it propagates
through this thin layer and afterward it just suffers an unwanted
absorption in the rest of the sample. Taking these facts into
account, we conclude that the perpendicular arrangement
provides a larger sensitivity and a better accuracy for the
measurement of the field-induced effects than the parallel one.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
Examples of raw experimental data are shown in Fig. 3. At
120 K the soft-mode frequency is as low as 1.5 THz; as a result,
the sample is relatively opaque while its tunability is high
[Figs. 3(a) and 3(b)]. Close to room temperature the soft-mode
frequency rises above 2.4 THz and the sample becomes much
more transparent; at the same time the tunability is significantly
reduced compared to low temperatures [see data at 250 K
shown in Fig. 3(c)]. Note that at higher temperatures (250
and 300 K) the field-induced changes of the permittivity were
determined from the transmittance calculated using the first
THz echo. In Fig. 3(c) the small field-induced contribution
is visible as an advance of the first echo obtained under bias
compared to that obtained without bias (i.e., NE < N0). This
approach allowed us to quantify the tunability of STO up to
room temperature.
The calculated permittivity spectra at 120 K under the
bias for both geometries are shown in Fig. 4. The real part
of the permittivity is decreasing when increasing the bias
in the whole experimentally accessible frequency range for
both geometries; as shown in the theoretical section, this is
a signature of soft-mode hardening. For the data obtained in
the perpendicular geometry, we note that the shape of the
calculated dielectric spectra remains unchanged within the
experimental uncertainty; this means that soft-mode damping
does not change significantly with applied bias. The data
obtained in the parallel geometry exhibit a slightly higher
tunability of the real permittivity; the losses also increase
under bias, as the damping of the soft mode increases.
This is probably related to a broadening induced by the
inhomogeneous distribution of the applied field.
We did not observe any measurable hysteresis of the
electric-field-induced properties at 90 K, in agreement with the
low-temperature and low-frequency data reported in Ref. 24.
This justifies our description presented at the end of Sec. II of
the tetragonal sample as an approximately cubic medium.
A. Perpendicular geometry
Selected experimental spectra of the field-induced tunabil-
ity obtained in the perpendicular geometry are shown in Fig. 5.
We characterize the tunability by relative changes of the real
and imaginary dielectric functions ε′/ε′0 and ε′′/ε′0, where
ε′ and ε′′ are the variations upon the applied field of the
real and imaginary parts of the permittivity, and ε′0 is the real
permittivity without an external bias.
Relative field-induced changes of the dielectric function
for several temperatures under the same electric bias field of
40 kV/cm are shown in Figs. 5(a) and 5(b). The field-induced
tunability of the permittivity is increasing upon cooling and
toward higher frequencies at all temperatures. In Fig. 5 the
lines represent fits of the experimental data by an underdamped
harmonic oscillator model given by Eq. (17). We found that the
oscillator strengthf and the high-frequency permittivity ε∞ do
not change with temperature and electric field. Consequently,
we used previously published literature values15 which were
fixed for all our fits in this paper. In addition, the values of
the temperature-dependent soft-mode frequency and damping
in unbiased STO were also taken from the literature.15 The
only fitting parameters are thus the soft-mode frequency and
damping in biased STO. Our fit reveals that the soft-mode
frequency constitutes the crucial parameter which describes
nearly entirely the field-induced changes observed in the
spectra. The soft-mode damping does not vary substantially
with the field and its variation has only a minor impact
on the fit. A decrease of the real part of the permittivity
induced by a field of 40 kV/cm is ∼6 % at 120 K. The
change of its imaginary part is smaller but its frequency
dependence becomes steeper with decreasing temperature.
This is consistent with an increased tunability of STO at
lower temperatures: The soft mode softens with decreasing
temperature, leading to larger anharmonic effects upon any
applied bias field. In Figs. 5(c) and 5(d) we show analogous
results obtained at 150 K for several external bias fields.
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FIG. 5. (Color online) Relative field-induced changes in the complex dielectric function obtained for the perpendicular geometry. (a) and
(b) Ebias = 40 kV/cm, varying T ; (c) and (d) T = 150 K, varying the bias field. Symbols: Experimental data. Lines: Fits by an underdamped
harmonic oscillator.
The behavior of the real and imaginary parts of the field-
induced changes is in agreement with the picture of soft-mode
hardening with increasing temperature and electric bias.
The tuning of the soft-mode frequency is shown in Fig. 6; it
is expressed as the difference between the soft-mode frequency
with the field on and off: ω0(Ebias) = ω0(Ebias)−ω0. The
values ω0(Ebias) were obtained by fitting the entire set of
complex permittivity spectra with the harmonic oscillator
model. The curves at each temperature were fitted with an
expression derived from formula (10), which is valid for a
reasonably weak field:
ω0(Ebias) ≈ ω0
[√
1 + β⊥
(
εvacf
/
ω20
)3
E2bias − 1
]
. (21)
0 10 20 30 40
Electric field (kV/cm)
2.5
2
1.5
1
0.5
0
Δω
0
(c
m
-1
)
294 K
250 K
200 K
150 K
120 K
90 K
FIG. 6. (Color online) Electric-field-induced hardening of the
soft mode in the perpendicular geometry at several temperatures.
The symbols represent the fits of the experimental spectra using
a harmonic oscillator model (17); the lines represent fits of the
soft-mode behavior at each temperature by using Eq. (21).
Here we are left with a single fitting parameter, the anharmonic
coefficient β⊥. The largest field-induced change in the soft-
mode frequency under a maximum bias field of 40 kV/cm
occurs at T = 90 K; it amounts to 2.4 cm−1, which represents
∼6% of the frequency of the soft mode. The field-induced
changes of the permittivity exceed 15% in this case, and the
observed saturation of the soft-mode hardening in Fig. 6 can be
explained by higher-order terms in Ebias, which were neglected
in Eq. (21). For this reason the two results obtained at T =
90 K for the highest-bias fields were not taken into account in
this fitting.
B. Parallel geometry
Experimental spectra of the field-induced tunability ob-
tained in the parallel geometry are illustrated in Fig. 7. As
already pointed out, the experimental sensitivity in this case
is lower than in the perpendicular geometry. This can be
seen namely in Figs. 7(b) and 7(d) for the imaginary part
of the permittivity, where the noise is considerably larger, thus
providing less satisfactory fits. Nevertheless, the change of the
real part of the dielectric function at 40 kV/cm and 120 K
is larger (∼10 %) than the value found in the perpendicular
geometry under the same applied field and at the same
temperature.
The distribution of the applied bias field is highly in-
homogeneous in this geometry, as illustrated in Fig. 2(a).
This should result in an inhomogeneous broadening of the
soft-mode spectral line. Consequently, the best fits are obtained
for a slightly increased value of the damping parameter 	
of the soft mode compared to its zero-field value: E.g., at
120 K the damping value at high fields increases by up to
65% compared to zero field [	(Ebias = 0) = 8 cm−1];15
close to room temperature this increase is not observed. This
effect can be also observed in Figs. 7(b) and 7(d). For higher
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FIG. 7. (Color online) Relative field-induced changes in the complex dielectric function in the parallel geometry. (a) and (b) Ebias =
40 kV/cm, varying T ; (c) and (d) T = 150 K, varying the bias field. Symbols: Experimental data. Lines: Fits by an underdamped harmonic
oscillator.
temperatures (T  200 K) ε′′(ω) < 0 as it was similarly
found for the perpendicular geometry, and this reflects soft-
mode hardening. In contrast, for low temperatures ε′′(ω) > 0
due to a significant increase of soft-mode damping.
The soft-mode frequency tuning by the electric field in the
parallel geometry is shown in Fig. 8. The largest field-induced
change in the soft-mode frequency under a maximum bias field
of 67 kV/cm and at T = 90 K is 10.5 cm−1 which corresponds
to ∼27% of the soft-mode frequency without bias. The fits
were performed by using an expression derived from (16) in
which the presence of both the z and x components of the bias
is taken into account:
ω0(Ebias) ≈ ω0
[√
1 + 3β‖
(
εvacf
/
ω20
)3
E2z,bias + β⊥
(
εvacf
/
ω20
)3
E2x,bias − 1
]
. (22)
Again, the only fitted parameter is the anharmonic coef-
ficient β‖, while β⊥ is already known from the experiments
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FIG. 8. (Color online) Electric-field-induced hardening of the soft
mode in the parallel geometry at several temperatures. Symbols are
obtained from the fits of the experimental spectra by a harmonic
oscillator model (17); lines represent fits of the soft-mode behavior
at each temperature by using Eq. (22).
using the perpendicular geometry. A relation between values
of the bias field components Ez,bias and Ex,bias is obtained from
the calculation of the electric-field distribution pattern shown
in Fig. 2.
C. Nonlinear potential
In Fig. 9 the temperature dependences of β‖ and β⊥ are
shown together with data by Christen et al.,6 which was
obtained from the measurements in the microwave spectral
range. According to our data, the anharmonic parameter β‖
monotonically decreases with cooling while Christen et al., at
lower temperatures (below 80 K), reported its increase with
cooling. Note, however, that a ferroelastic antiferrodistortive
phase transition occurs at 105 K in STO; the change in the
slope of temperature variation of the anharmonic parameters
in this region may indicate an influence of the phase transition
on the soft-mode potential.
The values of the anharmonic parameter β‖ are slightly
lower than those of β⊥ at temperatures below 200 K, while they
show both the same order of magnitude as the values reported
in Ref. 6. We have to keep in mind that our values of β‖ include
a large experimental error due to the highly inhomogeneous
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FIG. 9. (Color online) Resulting anharmonic parameters β⊥ and
β‖ as functions of temperature (solid symbols) and β‖ taken from
Ref. 6 (open symbols).
character of the applied field in the parallel geometry and
within this accuracy we may state that β‖ ≈ β⊥. The soft-mode
potential then possesses an approximately spherical symmetry
up to the fourth order of the power expansion. Our values
are also consistent with those estimated previously by Fleury
and Worlock16 from the Raman spectra for temperatures
below 80 K. The authors also concluded that β‖ ≈ β⊥ below
80 K. Finally, let us note that low-frequency experiments
interpreted within a frame of the transverse Ising model24 yield
a comparable value of the third-order nonlinear susceptibility
χ (3) = β‖χ4ε3vac (where χ is the linear susceptibility).
Our experimental results and their fits strongly indicate
that the electric-field tuning of STO single crystals is entirely
due to the anharmonic potential of the soft mode. This was
observed in the whole investigated range of temperatures and
of applied fields. The soft-mode dynamics determines the
dielectric spectra in the THz and sub-THz range and no sign of
additional relaxation mode was observed. This contrasts with
the properties of strained STO films where the ferroelectric
phase transition, which occurs close to room temperature, is
connected to a soft mode that is strongly coupled to a relaxation
mode at ∼200 GHz.13
V. CONCLUSION
We investigated the electric-field-induced tunability of the
dielectric properties of bulk strontium titanate crystals using
terahertz time-domain spectroscopy in a broad temperature
range. Two kinds of electrode structures deposited on the
samples enabled the investigation of field-induced tuning in
two different orientations of the probing field with respect
to the bias. For both experimental geometries the theoret-
ical description based on the Landau-Devonshire theory is
presented. The variation of the dielectric properties is fully
described by a hardening of the soft mode under the external
electric field. An appreciable tunability is revealed up to room
temperature. The results of this paper provide a reference point
for further development of tunable structures (such as photonic
crystals and/or metamaterials), which could be controlled by
an external voltage.
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